Abstract The application of FeEDDHA products is the most common practice to prevent or to remedy Fe chlorosis in crops grown on calcareous soils. These
pot trials involving eight soils. The FeEDDHA treatments were equal in Fe dose but differed in o,oFeEDDHA content, and were applied prior to the set in of chlorosis. The o,o-FeEDDHA content largely determined the Fe concentration in the pore water. In turn, in soils that induced chlorosis, the Fe concentration in the pore water determined the Fe uptake. The relationship between Fe concentration and Fe uptake is non-linear: initially Fe uptake increases strongly with increasing Fe concentration, but the slope flattens and a plateau is reached. FeEDDHA treatments increased both yield (up to 30%) and Fe content of the plant tissue (up to 50%). From FeEDDHA products with a higher o,o-FeEDDHA content, a smaller Fe dose is required to obtain the same results in terms of yield and Fe nutritional value. 
Introduction
Fe deficiency chlorosis is a nutritional disorder characterized by a significant decrease of chlorophyll in the leaves, often observed in plants grown on alkaline and calcareous soils. It decreases crop yield both quantitatively and qualitatively, resulting in economic losses (Chaney 1984; Mortvedt 1991) . A large number of soil factors, including high soil moisture content, poor aeration, extreme temperatures, high phosphate content have been reported to induce or enhance Fe chlorosis (Wallace and Lunt 1960) . High pH and elevated bicarbonate concentrations are generally found to be the most critical factors (Boxma 1972; Mengel et al. 1984; Shi et al. 1993) . The low solubility of Fe(hydr)oxides at high pH leads to a low bioavailability of Fe in soil solution (Lindsay 1979) and bicarbonate either impairs Fe uptake (Marschner 1995; Venkatraju and Marschner 1981) or inactivates Fe in the leaf apoplast (Mengel 1994) . Synthetic Fe chelates are applied to avoid or to mend Fe chlorosis. These chelates increase Fe solubility and function as a transporter through solution to the plant. FeEDDHA (iron ethylene diamine-N,N'-bis (hydroxy phenyl)acetic acid) is among the most effective synthetic Fe chelates under neutral and alkaline soil conditions (Lucena et al. 1992; Papastylianou 1990; Reed et al. 1988) . Commercial FeED-DHA formulations consist of a mixture of positional isomers, diastereomers and polycondensates. In this study such mixtures have been divided into 4 groups: (1) racemic o,o-FeEDDHA, (2) meso o,o-FeEDDHA, (3) o, p-FeEDDHA, and (4) rest-FeEDDHA (largely consisting of polycondensates). In general these four groups are referred to as the different FeEDDHA components. The chemical properties of these FeEDDHA components, including their protonation and complexation constants differ strongly (Ahrland et al. 1990; Bannochie and Martell 1989; Frost et al. 1958; Yunta et al. 2003a; Yunta et al. 2003b) . As a result, so does their ability to preserve Fe in solution and deliver it to the plant.
The composition of commercial FeEDDHA formulations on the market varies largely (Garcia-Marco et al. 2003) . Therefore product quality needs to be guarded. At present the quality aspect is assured in the European fertilizer law (Regulation (EC) No. 2003 No. /2003 amendment (EC) No. 162/2007 ) through the following parameters: (1) soluble Fe content of the product and (2) percentages of Fe chelated by o,o-EDDHA and o, p-EDDHA.
In view of the large variation in composition of FeEDDHA products, it is crucial to have an understanding of the effectiveness of the individual FeED-DHA components in order to come to an adequate Fe fertilization recommendation. This effectiveness is determined by the following characteristics: (1) ability to remain in solution, (2) susceptibility to competition from other metal ions, (3) ability to deliver Fe to the plant, and (4) selectivity of the corresponding EDDHA component to pick up Fe from the soil (Lucena 2003) .
The first two characteristics have been addressed in a number of interaction studies with soil and soil constituents (Alvarez-Fernandez et al. 1997; AlvarezFernandez et al. 2002; Garcia-Marco et al. 2006; Hernandez-Apaolaza et al. 2006; Hernandez-Apaolaza and Lucena 2001; Schenkeveld et al. 2007) . These studies have shown that the o,o-FeEDDHA isomers are best capable to preserve Fe in soil solution. In particular in clay soils, o,p-FeEDDHA and restFeEDDHA are largely removed from solution. The reactive soil compounds that determine the adsorption behaviour of the FeEDDHA isomers are: soil organic matter, Fe(hydr)oxides and clay minerals. The soil compound dominating the adsorption behaviour differs per FeEDDHA component. With regards to competition, Cu is the principal competing cation affecting the performance of commercial FeEDDHA formulations in alkaline soils, particularly reducing the effectiveness of o,p-FeEDDHA due to exchange of Fe for Cu.
The third characteristic, the ability of FeEDDHA to deliver Fe to the plant, has been studied since the 1950s, both in nutrient solution and in soil-plant systems. Often this was done in comparative studies with other Fe fertilizers (Alvarez-Fernandez et al. 2005; HernandezApaolaza et al. 1995; Reed et al. 1988; Wallace et al. 1955; Wallace and Wallace 1983) . The effectiveness of the individual FeEDDHA components in delivering Fe to the plant has however received little attention up until now. A number of recent studies have addressed this issue for plants grown in nutrient solutions. It was found that in hydroponics o,p-FeEDDHA offers a more effective remedy to Fe chlorosis in soybean, than o,o-FeEDDHA , and that both are more effective than synthesis byproducts (referred to as rest-FeEDDHA in this study) (HernandezApaolaza et al. 2006) . Furthermore, meso o,o-FeEDDHA has been claimed to be more effective in mending chlorosis in strategy 1 plants than racemic o,oFeEDDHA (Cerdan et al. 2006) .
The effectiveness of FeEDDHA components regarding Fe uptake by plants grown on soil has not previously been examined. Because adsorption and cation competition are more dominant processes in soil systems than in nutrient solutions, the order of effectiveness of FeEDDHA components may well be different. In order to relate to agricultural practice and to European regulation, the effectiveness of FeEDDHA treatments in soil application has been addressed in this study by applying mixtures of FeEDDHA components, rather than isolated FeEDDHA components. The aim of this research was to (1) examine the influence of composition of FeEDDHA treatments on Fe uptake by plants grown on calcareous soils, and hence (2) gain insight in the effectiveness of the individual FeEDDHA components as Fe fertilizer in soil application.
A pot trial involving eight soils was conducted in which soybean plants were offered Fe through FeEDDHA treatments prior to the set in of chlorosis. The treatments were similar in Fe concentration, but differed in composition of EDDHA components chelating the Fe. In particular the o,o-FeEDDHA content (i.e. the amount of Fe chelated by the two o,o-EDDHA components) varied among the treatments.
Materials and methods

Soils
Soils were collected from seven sites, located in Italy (Bologna), Spain (Xeraco and Santomera), Saudi Arabia (Nadec and Hofuf) and the Netherlands (Droevendaal and Herveld). The soils are named after the location of collection. The sites were selected so that there were ranges in soil properties and constituents reported to interact with FeEDDHA components (Alvarez-Fernandez et al. 1997) . Four clay soils and four sandy soils were included. At all sites the top layer (0-20 cm) was sampled. From one site (Xeraco, Spain), soil material from both the top layer (Xeraco T) and the layer directly underneath (20-40 cm) (Xeraco L) were sampled separately. The top layer is relatively rich in organic material. In crops grown at the sites in Spain, Italy and Saudi Arabia, Fe chlorosis was manifest. The two Dutch sites were included as reference soils. Pretreatment consisted of air drying and sieving (1 cm). Relevant soil characteristics are presented in Table 1 .
FeEDDHA solutions
The FeEDDHA solutions were prepared from three sodium-EDDHA stock solutions and solid o,o-H 4 EDDHA. 1 The stock solutions were synthesized through a Mannich-like reaction between phenol, ethylene diamine and glyoxylic acid (Petree et al. 1978) , and differed in o,o-EDDHA content (i,e. the sum of racemic and meso o,o-EDDHA content): approximately 16, 34 and 49% on an ethylene diamine input basis. The experimental solutions were prepared as described by Alvarez-Fernandez et al. (2002) . Fe was added as FeCl 3. 6H 2 O in a 5% excess based on a 1:1 stoichiometry between Fe and ethylene diamine. The pH was raised to 7 (±0.5) and the solutions were left over-night in the dark in order for excess Fe to precipitate as hydroxides. The following day, the solutions were filtered through a 0.45 µm nitro cellulose micro pore filter (Schleicher & Schuell, ref-no: 10401114) and further diluted for application in the pot trial. The composition of the experimental solutions was analysed through combined ICP-AES, ICP-MS and HPLC analysis at time t=0.
Pot trial
Two pot experiments were done simultaneously from March until May 2005. In pot experiment 1 with a runtime of 8 weeks, six treatments were included for all soils ( In pot experiment 2 with a runtime of 3 weeks only the Santomera soil was used. The same treatments were applied as in pot trial 1 except for the 34%o,o treatments with and without plants.
The pot experiments were carried out in a greenhouse with 7 l Mitscherlich pots in triplicates. Pots, bottom plates and related materials were cleaned with 0,01 M HCl prior to usage. After the nutrients had been added, the soil was put into the pot. The plant species grown in the pot trial was soybean (Glycine Max (L.) Merr.). There is much experience with soybean in Fe chlorosis research; in nutrient solutions, in pot cultures and in the field Goos et al. 2004; Goos and Johnson 2000; Heitholt et al. 2003; Wallace and Cha 1986) . Seeds of the Fe chlorosis susceptible cultivar Mycogen 5072 2 were germinated on quartz sand with demineralised water. After 5 days eight seedlings were transferred to each pot, which had been filled with soil 1 day prior to the transfer. The pots were positioned on tables, grouped per soil, and were rotated on a daily basis. Every day the pots received an amount of demineralized water equal to the weight loss due to evapo-transpiration. At later growth stages the plant weight was compensated for in this respect. Until mid April, additional light was given with 400 W HPI lamps for 16 h/day. The lamps were hanging 1 m above the pots. The temperature in the greenhouse was kept above 20°C.
Micronutrients other than Fe were administered through foliar application, to ascertain that no deficiencies other than Fe deficiency would arise. The foliar spray consisted of 1,7 mM B; 0.20 mM Cu; 0,82 mM Mn; 0,27 mM Zn and 0,04 mM Mo. Cu, Zn and Mn were applied as dissolved EDTA salts, B as sodium tetraborate and Mo as ammonium molybdate. 1 ml/l Agral was added as a wetting agent. Spraying was done on a weekly basis starting 3 weeks after plant transfer to the pots. The week before harvest, foliar spraying was omitted. After 4 weeks in pot experiment 1, the pots with Nadec and Hofuf soil were thinned out to five and four plants respectively, because of severe differences in plant development due to salt stress.
Sampling and measurement
SPAD-measurement
SPAD-indices give an indication of the relative chlorophyll content of leaves and are a widely used tool in the research on Fe chlorosis (Alvarez-Fernandez et al. 2005; Alvarez Fernandez et al. 2004; Banuls et al. 2003) . SPAD-measurements (Minolta-502 SPAD-meter) were done every 2 weeks including the day before harvest to compare the chlorophyll content of leaves from different treatments. Per pot, SPAD-indices were measured for two youngest leaves and for two leaves from the second youngest trifoliate of every second plant. Measurement was done at the middle section of the leaf, midway between the central vein and the leaf edge. If a leaflet was necrotic or too small to analyze, no value was recorded. The SPAD-indices for youngest and second youngest trifoliate were averaged separately per pot.
A calibration experiment was done in which chlorophyll a+b was extracted with acetone from fresh leaves of plants 3 weeks of age. A linear relation between chlorophyll content and SPADindex was found within the range of SPAD-indices measured (SPAD-indices ranged from 20 to 37; n= 4; R 2 =0.98) (Data is presented in the supplementary information).
Yield
At harvest, 16 of the youngest trifoliate leaves per pot were collected separately. The (remaining) shoots were cut off right above the soil surface. A 1 kg mixed subsample was taken from the soil, from which roots were collected manually. The soil subsample was stored overnight at 4°C. The roots from the remaining soil were collected by rinsing out over a 1 mm sieve. Plant parts (youngest leaves, shoot and roots) were washed with demineralized water and dried at 70°C. After 48 h, the plant parts were weighed (dry weight).
Mineral analysis of plant tissue
The mineral contents of the plant parts were determined through microwave digestion with nitric acid, fluoric acid and hydrogen peroxide (Novozamsky et al. 1996) . Al, Cu, Fe, Mn and Zn concentrations were measured on ICP-AES (Varian, Vista Pro).
Pore water analyses
Pore water was collected from the soil subsamples by centrifugation at 7443 g for 15 min (Sorvall RC 5C plus) in Delrin (polyacetal) cylindrical 2 compartment containers, the day after harvest. The centrifugate was led from the soil containing compartment (about 150 cm 3 ) over a 0.45 µm nitro cellulose micro pore filter (Schleicher & Schuell, ref-no: 10401114 ) into a soil solution collection compartment (about 40 cm 3 ). Electro conductivity (EC) and pH were measured directly after collection. DOC (dissolved organic carbon) concentrations were determined by subtract- FeEDDHA component concentrations were determined after separation through high-performance liquid chromatography (HPLC) as described in Schenkeveld et al. (2007) . The Fe concentration chelated by rest-EDDHA was calculated by subtracting the Fe concentrations chelated by the other three FeEDDHA components and the Fe concentration in the blank treatment from the total Fe concentration as measured by ICP-AES.
To avoid contamination, the preparation of the experimental solutions and dilution of samples for measurement were done with analytical grade chemicals and ultra pure water.
Results and discussion
Chlorosis
Chlorosis was established through comparison of SPAD-indices of the youngest leaves between the treatment without FeEDDHA addition (blank treatment) and the treatment with the highest SPAD-index (99%o,o treatment), for each soil individually. If the ratio of the two deviated from 1 (α=0.05), the blank was labeled chlorotic. In Table 3 the ratios for the SPAD-measurements after 2 weeks are presented. Chlorosis was found in plants grown on Santomera, Xeraco L, Bologna and Droevendaal soil.
3 Although chlorosis was observed on more soils in the field, a direct comparison between field observations and pot trial data is not sound because root densities in pots are generally much higher than in the field, resulting in increased rhizosphere effects, which may enhance Fe availability (Marschner et al. 1989 ). Furthermore, bicarbonate-rich or brackish water is generally used for irrigation in the field instead of demineralized water. The use of demineralized water causes a temporal drop in pH and bicarbonate concentration, thereby complicating the induction of chlorosis. Also the exposure to environmental stress factors is much higher in the field, making plants more susceptible to chlorosis (Morris et al. 1990 ).
In Fig. 1 the degree of chlorosis in the blanks is presented as a function of time for Santomera soil, Xeraco L soil and Bologna soil. The data show that the degree of chlorosis diminishes over time until eventually SPAD-indices do no longer significantly differ. On Bologna soil, chlorosis was only observed in the measurement after 2 weeks, on Xeraco L soil up until and including 4 weeks, and on Santomera soil up until and including 6 weeks. The disappearance of chlorosis might result from an increased ability to take up soil native Fe through an ongoing development of the plant's roots system.
An attempt was made to link the occurrence of chlorosis to soil characteristics (see Table 1 ). From the soils on which chlorosis was observed in the field, all clay soils also induced chlorosis in pot experiment 1, while all sandy soils did not. This observation is not in agreement with the study by Morris et al. (1990) who found a positive correlation between clay content and chlorophyll concentration in soybeans grown on calcareous soils. A second distinctive feature is the DOC concentration in the pore water of the blank treatment, which was much lower for the soils on which the plants turned chlorotic (36-39 mg l ). Alike EDDHA, DOC may act as a carrier for Fe through the soil solution and deliver Fe to the plant (Cesco et al. 2002; Cesco et al. 2000) . If the DOC 3 No chlorosis was expected on the reference soil from Droevendaal. Compared to other soils the initial plant growth was very rapid on the Droevendaal soil, which may have caused some temporal iron shortage in the blank treatment. concentration is low, the Fe flux towards the plant may become insufficient to meet the requirements of the crop (Pandeya et al. 1998) . Furthermore, DOC has been reported to enhance root growth and induce changes in the root plasma membrane in favour of ion uptake (Canellas et al. 2002; Pinton et al. 1997) . Both factors could also contribute to increased Fe uptake at higher DOC concentrations. Fe availability parameters (DTPA-and oxalate extractable Fe) do not offer a primary explanation for the incidence of chlorosis in the blank treatment. However, for the clay soils which did induce chlorosis, both severity and duration of chlorosis increased with decreasing DTPA-and oxalate extractable Fe.
The interaction between FeEDDHA components and soil
Through the 34%o,o treatment without plant the interaction between FeEDDHA components and soil was examined without the interference of plant responses. The Fe concentrations measured in the pore water of this treatment after 8 weeks are presented in Table 4 for all soils. To demonstrate that almost all Fe is present as FeEDDHA complexes (except in the Droevendaal soil), the Fe concentrations in the pore water of the blank treatment with plant are included as well. Even in absence of plants the Fe concentration in the pore water had strongly In Table 5 the relative contributions of the different FeEDDHA components to the total dissolved Fe concentration are presented, both before and after 8 weeks of interaction with soil. In general interaction with soil causes a strong increase in racemic o,oFeEDDHA fraction in the pore water. The meso o,oFeEDDHA fraction may either increase or decrease, depending on the soil. o,p-FeEDDHA is practically removed from solution resulting in negligible relative contributions in all soils. The relative contribution of rest-FeEDDHA decreases in all soils, the extent being strongly soil dependant. With exception of the two Dutch soils, the sum of racemic and meso o,oFeEDDHA accounts for at least 75% of the Fe in solution after 8 weeks.
In the last column the remaining fractions of the FeEDDHA components in soil solution after soil interaction are listed. The remaining fraction of an FeEDDHA component is calculated by dividing its concentration at t=t by its concentration at t=0. The sequence in remaining fractions is identical to the one found in shaking experiments: racemic o,o-FeED-DHA > meso o,o-FeEDDHA > rest-FeEDDHA > o,pFeDDHA (Schenkeveld et al. 2007 ). The remaining fractions in the pot experiments are however much lower than in the shaking experiments. This can be explained from the higher soil-solution ratios in the pots, resulting in larger reactive surface areas per unit solution and thus leading to larger FeEDDHA component fractions adsorbing. Furthermore it was observed that the soil surface had become red-stained, bearing witness to FeEDDHA surface precipitation due to water transport from lower parts of the pot to the surface with concentration through evaporation. This phenomenon contributes to a decrease in remaining fractions and was also observed in FeEDDHA treatments with plants. No significant relations between FeEDDHA component concentrations in the pore water and soil reactive surfaces were found. This probably results from the differences in soil-solution ratio between the soils.
FeEDDHA treatments with plants
Fe and FeEDDHA components in the pore water Also in the treatments with plants, the Fe concentration in solution is largely determined by the o,oFeEDDHA isomers. Linear relations were found between Fe concentration in the pore water after 8 weeks and o,o-FeEDDHA content of the treatments, as exemplified for the Santomera soil in Fig. 2 The 34%o,o treatments with, and without plant were compared with respect to Fe concentrations in the pore water after 8 weeks (see Table 4 ). The impact of plant processes, including Fe uptake, on the Fe concentration in soil solution is relatively small compared to the overall decrease in Fe concentration since t=0. A significantly lower Fe concentration (α= 0.05) in the treatment with plants was only found for Santomera, Xeraco L, Bologna and Nadec soil. For the other soils, the Fe concentrations did not significantly differ. The soils with a lower Fe concentration in the treatment with plants are the same soils on which chlorosis in the blank treatment was observed (Fig. 1) , with the exception of the Nadec soil. This suggests a relation between consumption of FeEDDHA and Fe deficiency in plants. Although no chlorosis was observed in the blank treatment on Nadec soil, in addition to Santomera and Xeraco L soil, it was the only soil on which the blank treatment had a lower yield than the 99%o,o treatment (α=0.05; data not shown). Reduced growth as an Fe deficiency symptom prior to the manifestation of chlorosis has previously been reported by Gruber and Kosegarten (2002) . So despite the absence of chlorosis, the plants of the blank treatment on Nadec soil may still have been Fe deficient, resulting in FeEDDHA consumption. With regard to soil characteristics, Nadec is the soil next in line after Santomera, Xeraco L and Bologna with respect to DOC concentration in the pore water of the blank treatments and it has an Fe availability (DTPA/oxalate extractable Fe) comparable to Santomera. It is however not a clay soil. The observed differences in Fe concentration between the 34%o,o treatments with, and without plants may be explained in several ways. First, FeEDDHA complexes may be taken up by the plant as a whole, as reported by Bienfait et al (2004) for plants grown on substrate. When taken up, the chelating agent EDDHA cannot participate in a shuttle effect; EDDHA cannot readily move back into soil solution to form a new FeEDDHA complex, and hence the Fe concentration in soil solution decreases. If this would be the only mechanism through which FeEDDHA delivers Fe to the plant, the observed relation between FeEDDHA consumption and Fe deficiency would imply that plants only utilize Fe chelated by EDDHA if otherwise they will grow Fe deficient.
Secondly, the plant may take up Fe from the FeEDDHA complex, for instance through an Fe reduction and chelate splitting mechanism (Chaney et al. 1972; Marschner et al. 1989) . The chelating agent EDDHA may move back into solution, but not be able to form a new FeEDDHA complex due to degradation of the chelating agent or a combined effect of a low Fe availability and a high availability of competing cations like Cu and Al (Schenkeveld et al. 2007 ). This also results in a decrease in Fe concentration in the pore water.
If however, the bioavailability of Fe in the soil is high, plants may take up Fe from FeEDDHA, without the Fe concentration in the pore water decreasing, due to an effective shuttle effect. In other words: the effectiveness of a possible shuttle effect is intrinsically limited by the low Fe availability of the soils on which there is a need to apply FeEDDHA. Further study is required to determine if these two Fe uptake mechanisms co-exist in soil-plant systems and to determine which one is dominant.
SPAD-indices and Fe content
The influence of the composition of the FeEDDHA treatment on the degree of chlorosis is illustrated best when chlorosis in the blank treatment is most severe. Data from the 3-week experiment (experiment 2) were used for this purpose. Figure 3a displays the relation between SPAD-index of the youngest leaves and Fe concentration in the pore water. The shape of the curve is typical for a dose-response relation involving a micronutrient up to the point of inversion (Marschner 1995) : at low Fe concentrations the SPAD-index increases strongly with increasing Fe concentration, but the slope flattens and a plateau is reached. As demonstrated in Fig. 2 the Fe concentra- Because Fe catalyzes chlorophyll synthesis, and a SPAD-index is an indicator for chlorophyll content, a relation between SPAD-index and Fe content of the green plant parts was expected. This relation was verified with the results from the microwave digestion of the youngest leaves. A linear relation between SPAD-index and Fe content was found as depicted in Fig. 3b . Hence, Fe content and SPAD-index of the youngest leaves relate to Fe concentration in the pore water similarly.
Because SPAD-indices are also dependent on several other factors like e.g. leaf thickness, they are only suitable for comparing the Fe content of leafs from plants of the same species, of the same age and grown under the same conditions. Therefore the relation found in Fig. 3b does not have a general validity.
When after 8 weeks chlorosis had disappeared from the plants grown on Santomera soil, the Fe content of the youngest leaves did no longer differ among the treatments and consequently no relation with Fe concentration in the pore water was found anymore (Fig. 4a) . However, the aforementioned dose-response relation was observed between Fe content of the shoot after 8 weeks and Fe concentration in the pore water (Fig. 4b) . So even though the plants in the blank treatment managed to overgrow chlorosis, a memory effect remained in terms of Fe content in the shoot. Apparently, an enhanced Fe uptake results in facilitating the youngest leaves with sufficient Fe rather than in raising the Fe content of older leaves. The effect was substantial: the Fe content of the shoot was twice as high for the 99% o,o treatment as for the blank treatment (respectively 60 and 31 mg kg(dw) −1 Fe); the 16%o,o treatment already increased the Fe content of the shoot by half as much as the 99%o,o treatment.
Yield
Chlorophyll is a plant's biomass producing unit and a reduction in chlorophyll content as a result of Fe deficiency was expected to lead to a reduction in yield. This effect was indeed observed and is illustrated in Fig. 5a for the soils on which plants became chlorotic. The figure shows that, alike SPADindex of the youngest leafs after 3 weeks (Fig. 3a) and Fe content of the shoot after 8 weeks (Fig. 4b) , yield after 8 weeks increases with increasing Fe concentration in the pore water until a plateau is reached. per pot respectively). For Bologna the duration of chlorosis was too short to result in a lasting effect in terms of yield. In general the overall biomass production on Xeraco L and Bologna soil is higher than on Santomera soil. This is due to soil specifics not further considered here. The yield of the roots of Santomera and Xeraco L soil correlated linearly with the yield of the shoots (R 2 =0.98 and 0.97 respectively; data not shown).
The largest differences in yield between the treatments (after 8 weeks) lag behind the largest differences in chlorophyll content of the youngest leaves (after 3 weeks) (yield data after 3 weeks are not presented). This is because produced biomass is an integral of photosynthesis intensity over time. So differences in biomass yield will grow until photosynthesis intensity is equal among the treatments. Photosynthesis intensity is in turn amongst others a function of chlorophyll content. In Fig. 5b the yield after 8 weeks for 4 treatments on Santomera soil is presented as a function of SPAD-index after 3 weeks (pot experiment 2) and after 4 weeks (pot experiment 1). The observed linear relations imply, that SPADindices are also good relative predictors for (final) yield in crops grown under equal conditions. The slope of the linear trend line becomes steeper (β>α) over time until there are no longer differences in SPAD-index between the different treatments.
Fe uptake
Fe uptake is the product of yield and Fe content summarized for the different plant parts and corrected for the Fe initially present in the seeds. Because both yield and Fe content display similar trends in response to the FeEDDHA treatments, this response becomes even more pronounced for Fe uptake.
In calculating Fe uptake the contribution of Fe in the roots was left out of consideration due to its probable overestimation and the large standard deviations within the treatments. This probably resulted from different amounts of apoplastic Fe and different extents of contamination of the roots with soil material (Strasser et al. 1999) . The latter factor is supported by the good correlation between the contents of Fe and the non-essential Al as determined in the root material (R 2 =0.92 and 0.77 for Santomera and Xeraco L respectively). The Fe initially present in the soybean seeds (0.14±0.02 mg Fe per pot) could not be specifically attributed to either roots or shoot and was not corrected for.
For the plants grown on Santomera soil, the Fe uptake was 2.5 times higher in the 99%o,o treatment than in the blank treatment (1,74 and 0,70 mg Fe per pot respectively). Differences in Fe content of the An attempt was made to relate Fe uptake to SPADindices for both Santomera and Xeraco L soil. SPADindices after 2, 4, 6 and 8 weeks were tried, as well as different averages. The SPAD-indices after 4 weeks gave the best linear relationships with Fe uptake, as shown in Fig. 6 . The R 2 for Santomera soil (0.97) is much closer to 1 than for Xeraco L soil (0.77). This is probably partly due to the lesser intensity of chlorosis in the blank and the smaller range in SPAD indices for Xeraco L soil. These specific linear relationships cannot be extrapolated to data outside this experiment. The similarity in slope is based on coincidence; Xeraco L soil combines higher yields with a smaller difference in Fe content between the treatments, compared to Santomera.
Effect on Mn uptake
Since the 1950s, soil application of FeEDDHA is known to negatively affect Mn uptake in a large number of plant species including soybean (Ghasemi Fasaei et al. 2003; Heenan and Campbell 1983; Holmes and Brown 1955; Moraghan 1979 Mn (Adams et al. 2000; Reuter et al. 1997) . If the dose of o,o-FeEDDHA would be further increased or Mn fertilization through foliar spraying would be omitted, Mn deficiency could become a serious concern. The Mn content of the roots was lower than of the other plant parts (22-44 mg kg(dw) −1 Mn) and did not display the same exponential trend with o,oFeEDDHA content of the treatment. Only the 99%o,o treatment had a significantly lower Mn content in the roots than the other treatments. Mn uptake ranged from 1.69 mg Mn in the 99%o,o treatment to 4.44 mg Mn in the blank treatment. Only 0.75 mg Mn had been applied per pot through foliar application, assuming a 100% efficient use of foliar spray and an equal dose for all pots. Hence differences in Mn uptake should be primarily explained from root uptake.
The decrease in Mn uptake with increasing o,oFeEDDHA content can not be attributed to a decreased Mn concentration in soil solution. If Mn and Fe uptake are regulated by the same uptake sites at the root surface, FeEDDHA treatments may increase the competition with Fe for these sites. This competition may involve the FeEDDHA complex at the uptake site, in case (i) Fe uptake takes places either through a reduction and chelate splitting mechanism (Chaney et al. 1972; Marschner et al. 1989 ), or (ii) through uptake of the complex as a whole (Bienfait et al. 2004) . Or (iii) FeEDDHA complexes may serve as a replenishing pool in solution, preventing Fe 3+ depletion in the rhizosphere due to Fe uptake by the plant and slow dissolution kinetics of Fe hydroxides. In this case, the FeEDDHA complex needs to be sufficiently labile to increase Fe activity in the rhizosphere. Additional research is The decrease in Mn content of the shoot is not equal, but proportional to the increase in Fe content of the shoot (Fig. 7b) ; the slope of the curve indicates that an increase in Fe content leads to a 5 times larger decrease in Mn content. This proportionality probably primarily results from difference in uptake rate between Fe and Mn.
Conclusion
In this pot trial study, Fe chlorosis was induced in soybean plants on 3 out of 6 calcareous soils facing Fe chlorosis problems under field conditions. Chlorosis was only induced on the clay soils, which had lower DOC concentrations in the pore water (36 to 39 mg l −1 C) than the sandy soils (82 to 153 mg l −1 C).
The severity and duration of chlorosis correlated with Fe availability parameters (DTPA-and oxalate extractable Fe). In corresponding FeEDDHA treatments with and without plants, differences in Fe concentration in the pore water were only found for soils on which plants from the blank treatment exhibited Fe deficiency symptoms.
In soils on which chlorosis was induced, the Fe concentration in soil solution determined the Fe uptake by the plants. The relationship between Fe concentration and Fe uptake is non-linear: initially Fe uptake increases strongly with increasing Fe concentration, but the slope flattens and a plateau is reached.
Although chlorosis in the youngest leaves had disappeared after 8 weeks on all soils on which it had been induced, its consequences remained in terms of reduced yield (up to 24% for Santomera), reduced Fe content in the shoot (up to 47% in Santomera) and reduced Fe uptake in the shoot (up to 60% in Santomera).
Despite the fact that Mn concentrations in the pore water were hardly affected and in spite of foliar application of Mn, Mn uptake decreased exponentially with the o,o-FeEDDHA content of the FeEDDHA treatments. In the shoot the decrease in Mn content was proportional to the increase in Fe-content. In the case of excessive FeEDDHA application or the omission of Mn fertilization, Mn deficiency may arise.
The evident increase in both yield and Fe nutritional value of the plant confirm the usefulness of FeEDDHA application on calcareous soils. When FeEDDHA is applied prior to the set in of chlorosis, the Fe concentration in the pore water proved to be the key parameter determining the treatment's effectiveness. This parameter is largely determined by the Fe dose and the o,o-FeEDDHA content of the treatment. Hence, from a formulation with a higher o,o-FeEDDHA content, a smaller Fe dose suffices to obtain the same results in terms of yield and Fe nutritional value.
